Competitive-ELISA (c-ELISA) is the most widely used serological test for the detection of Bluetongue virus (BTV) viral protein 7 (VP7) antibodies (Ab). However, these BTV cELISAs cannot to distinguish between IgG and IgM. IgM Ab are generated shortly after the primary immune response against an infectious agent, indicating a recent infection or exposure to antigens, such as after vaccination. Because the BTV genome or anti-VP7 Ab can be detected in ruminant blood months after infection, BTV diagnostic tools cannot discriminate between recent and old infections. In this study, we evaluated an IgM-capture ELISA prototype to detect ruminant anti-BTV VP7 IgM on 1,650 serum samples from cattle, sheep, or goats. Animals were BTV-naive, infected, or/and vaccinated with BTV-1, -2, -4, -8, -9, -16, or -27, and we also included 30 sera from cattle infected with the Epizootic haemorrhagic disease virus (EHDV) serotype 6.
production against these viral proteins ( Schwartz-Cornil et al., 2008) .
Because the structural VP7 is conserved among different BTV serotypes (Anthony et al., 2007) , anti-VP7 Ab are BTV-specific and detecting them makes it possible to diagnose a BTV infection (MacLachlan & Mayo, 2013; Vandenbussche et al., 2008; Zhou, Ridd, Riva, Fernando, & Clavijo, 2001 ).
After BTV infection, IgM is the first immunoglobulin Ab that appears in the blood, and thereby characterizes a recent infection. The specific detection of IgM Ab against VP7 holds promise as a rapid serological diagnosis of an "active" BTV infection (or exposure to a VP7 antigen after vaccination with an inactivated virus). Currently, serological tests used for BTV diagnosis are mainly c-ELISA kits that detect the VP7 Ab in sera (MacLachlan & Mayo, 2013; Vandenbussche et al., 2008) . Due to their nature, these tests cannot to differentiate between IgM and IgG Ab and therefore between recent and old infections.
In Europe, and particularly in France, due to the multiple introduc- ; the recruitment of BT naive ruminants is difficult due to the proportion of BTV-seropositive domestic ruminants. Genome detection is also used for BTV diagnosis or monitoring. Due to the duration of BTV RNAemia in ruminants (up to 167 and 222 days post infection (dpi) in sheep and cattle respectively) (Bonneau, De Maula, Mullens, & MacLachlan, 2002; Zanella et al., 2013) , genome detection and typing (with real-time RT-PCR) can rapidly characterize the detected BTV. However, viral RNA extraction and amplification of specific portions of the BTV RNA with RT-PCR requires special equipment, competent staff, specific reagents, and costly treatment processes.
In this context, the specific detection of IgM using ELISA holds promise as a method to detect recent introductions of a BTV strains in an area with BTV-seropositive ruminants independent of their reactivity in other VP7 assays. In this study, we evaluated an IgMcapture ELISA kit prototype for the characterization of recent BTV infections in domestic ruminants.
| MATERIALS AND METHODS

| Serum samples
Test specificity was assessed by testing a total of 1,127 field serum samples. Specificity was assessed on 819 domestic ruminant sera collected in France before 2006 (BTV-free area) and/or that had tested c-ELISA negative. Specificity for IgM was also tested on 308 field sheep, goat or cattle sera sampled from 2011 to 2016 in France and determined c-ELISA positive. They were from animals infected with BTV-8 or BTV-1 (and/or vaccinated against these two serotypes) during BT epizootics and massive vaccination campaigns between 2006 and 2010 and were then IgG positive (and IgM negative). Cross reactivity with IgM anti-EHDV VP7 was also investigated using 30 sera from five calves experimentally inoculated with EHDV-6 and sampled at different times postinfection (dpi).
To evaluate the IgM ELISA performance, a collection of 390 sera from infected ruminants was selected. These sera were sampled during experimental BTV trials carried out on domestic ruminants with serotypes BTV-1, 4, 8, 16, and 27. We also include 133 sera from experimentally vaccinated goats or sheep (with inactivated vaccines against BTV-2, -4, -8, or -9). Six IgM-positive serum samples were used to evaluate ELISA analytical sensitivity by testing them in a serial twofold dilutions in foetal calf serum.
All these sera from naturally infected, vaccinated, or challenged ruminants had been obtained and characterized in previous studies (Belbis et al., 2013; Breard et al., 2013 Breard et al., , 2015 Breard et al., , 2017 Bréard et al., 2011 Bréard et al., , 2018 Celma et al., 2016; Matsuo et al., 2011; Schulz et al., 2018) and were stored at −20°C. The IgM ELISA kit prototype (IDVet, Grabels, France) was evaluated as per the manufacturer's instructions. The principle of this method is illustrated in Figure 1 . Briefly, plates are coated with antiruminant IgM antibodies. Positive and negative controls (Cpos and Cneg respectively) as well as sera to be tested were diluted 1/10 in a sample dilution buffer (no. 14) and 100 μl was added in each of two adjacent wells. After three washes, the VP7 antigen (a recombinant protein used as the antigen in the c-ELISA kit (ID SCREEN ® Bluetongue Competition ELISA) was diluted 1/10 in dilution buffer no. 13 and added to odd-numbered columns (Ag+), whereas dilution buffer only was added to even-numbered columns (Ag−). After washes, a monoclonal HRP-labelled VP7 Ab was added to all wells.
|
Two Cneg and two Cpos were analysed in duplicate on each plate. The net optical density (nOD) of sample (s), Cneg or Cpos was calculated by subtracting the Ag− OD from the Ag+ OD. The results were expressed as Sample/Positive (S/P) = (nODs-nODCneg)/(nODCpos-n nODCneg)*100. (S/P > 45%: positive; S/P < 35%: negative and S/P between 35% and 45%: doubtful).
| Genome detection
Bluetongue virus or EHDV genome presence was investigated in sera from sheep, cattle and goats experimentally infected with BTV-1, 4, 8, and EHDV-6. Total RNA in each serum was extracted using an automated system (KingFisher) with the MagVet Universal Isolation kit (Thermo Fisher Scientific, Lissieu, France). Then, 100 μl of each serum was used for RNA extraction and the protocol followed was exactly the same as that currently used for extraction of 100 μl of EDTA blood. RNA was eluted in 80 μl of RNase-free water.
After denaturation at 95°C for 3 min, 5 μl of eluted RNA was 3 | RESULTS
| Specificity of IgM-capture ELISA
The specificity of the IgM test was evaluated by testing 819 ruminant serum samples, all negative for BTV Ab. As illustrated in Figure 2 , two serum samples were detected positive and four were doubtful. The measured specificity was 99.4% when considering doubtful samples as positive and 99.8% when considering doubtful samples as negative (Table 1) .
Of the | 539 considering doubtful samples as negative (Table 1 ). Sera sampled from 5 calves experimentally infected with the EHDV-6 strain were also tested ( Figure 3 ). Two of these sera were found positive (sampled at 11 and 15 dpi) showing potential cross reactivity with anti-EHDV VP7 IgM.
| IgM detection in domestic ruminant sera
The ELISA results from BTV-1 infected sheep showed at 3 dpi a Table 2 shows IgM ELISA results obtained from BTV-8 infected goat sera and BTV-8 or -16 infected sheep sera. At 8 dpi, only two BTV-8-infected sheep (out of 10) were found IgM ELISA positive, two were doubtful, and six negative: the mean S/P from these 10 sheep was 34.3% (negative). In goats, the mean S/P was negative (3.9%) at 8 dpi. At 14 or 18 dpi, all the 29 small ruminants were IgM positive with mean S/P values >100%. IgM positive at 21 dpi and one was negative (S/P mean:
112.3% ± 106.1) (Figure 5b ).
No IgM was detected in the three goats inoculated with BTV-27 v01 ( Figure 6a ). However, the three BTV-27 v02 inoculated goats were positive using IgM ELISA for 4-6 days (from 6 to 12 dpi) (Figure 6b ). For the BTV-27 v03 inoculated group, only one animal tested positive for IgM from 8 to 12 dpi (Figure 6c ).
| Sensitivity of the IgM ELISA
The two sheep sera were IgM positive up to the 1/128 dilution, whereas the two sera from goats or cattle were still IgM positive up to the 1/256 or 1/512 dilutions ( Figure 7 ). All together, these results illustrate the high analytical sensitivity of the ELISA prototype. From the eight goats and 10 sheep inoculated with BTV-8 (Table 2) , the 18 sera sampled at 18 dpi were tested for the BTV Table 2 Experimental vaccination 133 Figure 5 Notes. CI: 95% Confidence interval. *Considering doubtful samples as positive. **Considering doubtful samples as negative.
genome. Fifteen of these small ruminants were rtRT-PCR positive
with Ct values ranging from 34.5 to 38.7 (data not shown). Total RNA was also extracted from the two IgM-EHDV-6 positive sera
( Figure 3 ) and tested with an EHDV rtRT-PCR kit. The EHDV genome was successfully detected in these two samples (data not shown).
| DISCUSSION
Our study of specificity to BT in naive ruminant sera showed that 99.4% (n = 819) were IgM ELISA negative, whereas only two sera were positive and two doubtful. Results obtained from the 308 BTV IgG-positive sera showed that only five field cattle sera sampled from the field in 2011 were positive with IgM ELISA. We cannot exclude that these five animals, or at least some of them, were in fact recently infected by BTV-8 because a retrospective study clearly F I G U R E 3 S/P values from sera serially sampled from five infected EHDV-6 calves (Breard et al., 2013) . The two horizontal lines delimit the doubtful IgM result (Cut-off: 35/45%) F I G U R E 4 IgM and rtRT-PCR results from sera. S/P averages and C t means of three groups of three sheep experimentally infected with BTV-1 (a, c) or BTV-8 (b) (Celma et al., 2016; Matsuo et al., 2011) . | 541 suggested a low circulation of BTV-8 in France after the last declared outbreak in 2010 (Courtejoie et al., 2018) . Total RNA was extracted from these five sera, but no BTV genome was detected with rtRT-PCR. Data obtained with EHDV-6 infected sera showed that cross reaction can occur and that the anti-EHDV VP7 IgM are also recognized by this IgM ELISA even if the two positive sera have S/P values <60% (threshold >45 for IgM-positive sera). These cross reaction results were also reported in a previous study (Zhou et al., 2001 ) carried out on experimentally EHDV infected cattle sera used for an IgM ELISA evaluation.
The sensitivity of the IgM ELISA was evaluated with sera serially sampled from sheep, goats, and cattle experimentally BTV infected or vaccinated against BTV (Figures 4 and 5) . However, the diagnostic sensitivity could not be estimated due to the absence of referenced or validated serological diagnostic tools to establish true IgM-positive (or negative) serum panels.
One BTV-1-infected sheep was IgM positive only 3 days after virus inoculation, whereas two other inoculated sheep were doubtful or negative at this date. The six BTV-infected sheep sampled at 5 dpi were IgM positive. For BTV-4 infected goats, they were IgM positive at 6 dpi and for the BTV-4 inoculated cattle, the three animals were IgM positive at 8 dpi. Altogether, these data suggest IgM were first detected between 3 and 8 dpi depending on the inoculum used and the species (sheep, goats, or cattle). Table 2 In our study, the appearance and disappearance of IgM in BTV-4 infected cattle was similar to that observed in Zhou et al. (2001) :
between 10 and 40 dpi. The IgM ELISA kit can detect IgM up to 35-42 dpi for goats and 35 for cattle. Unfortunately, for sheep, the last serum sampling was performed at 24 dpi and we cannot estimate the approximated time of IgM disappearance in this species.
IgM were also detected in sera from vaccinated animals. Figure 5 illustrates the results obtained from sheep or goats experimentally vaccinated with inactivated BTV-8, -9 monovalent vaccines and one BTV-2 and -4 bivalent vaccine (Anthony et al., 2007; Breard et al., 2015; Bréard et al., 2011) . Depending on the inactivated vaccine used, the mean S/P value varied (from 108 to 200 (at 10 dpv) for two inactivated BTV-8 vaccines), inducing a more or less quick IgM production detectable by IgM ELISA (from 5 to 10 dpv). In general, the IgM in vaccinated small ruminants could be detected from 5 to 21-28 dpv with a lower S/P value (and a shorter reaction time) compared with challenged animals.
In this report, only IgM results of animals vaccinated once were presented. However, some of these animals were vaccinated twice and all challenged either with BTV-16 or BTV-8 strains (Breard et al., 2015) . Sera sampled after the 2nd vaccination (21 days after the first vaccination) and after challenges (at day 42) were also tested with IgM ELISA. The results were difficult to interpret because a majority of the small ruminants were already IgM positive when the 2nd vaccination or challenges were carried out. However, 10 sheep were F I G U R E 6 S/P values from serially sampled sera from BTV-27 inoculated goats. Three goats inoculated with BTV-27 v01 (a); three with v02 (b) and three with v03 (c) . The two horizontal lines delimit the doubtful IgM result (cut-off: 35/45%) IgM negative on day 42 (21 days after the 2nd vaccination and day of challenges) and seven of them were IgM positive 14 days after the heterologous challenge (data not shown). These results show that even a short period after vaccination and only 2 weeks after heterologous challenge, the IgM response due to virulent BTV can be detected in IgG-positive animals.
For the IgM detection of goats inoculated with the three BTV-27
variants, four out of the nine infected BTV-27 were IgM positive between 6 and 12 dpi (three BTV-27 v02 and one v03 infected goats), whereas five animals remained IgM negative. These IgM results are consistent with those observed in a previous study reporting atypical VP7 IgG detection results in BTV-27-infected goats . In this previous study, different BTV c-ELISA kits (and particularly an early detection ELISA kit) were used to detect BTV-27 VP7 Ab in sera also used in this report . Taken More interestingly, when the sera tested were IgM positive due to BTV (or EHDV) infection, viraemia in the animals was at its peak.
High levels of IgM in serum (S/P > 100%) are mainly associated with the period during which virus isolation assays (from EDTA blood) are more likely to be successful. Due to the duration of the BTV RNAemia in ruminants (up to 167 and 222 dpi in sheep and cattle respectively) (Bonneau et al., 2002; Zanella et al., 2013) , the detection of viral genomes in blood does not necessary allow isolation of the virus (isolation of BTV until 56 dpi in infected cattle) (Di Gialleonardo, Migliaccio, Teodori, & Savini, 2011; MacLachlan et al., 1994 ). Moreover, because the level of RNAemia was high in IgMpositive sera, BTV (and also EHDV) RNA can be detectable in serum (Figure 4 ). C t values of group-specific rtRT-PCR (for BTV or EHDV)
were relatively high (>30) and genomes were detected between 6 and 28 dpi, depending on the domestic ruminant species tested (when considering C t values <36 only). Although serum is not the recommended matrix for genome detection, the viral genome in these samples could also be typed using serotype-specific rtRT-PCR or classical RT-PCR. Segment two sequences have been obtained after RT-PCR amplification with BTV subgroup-specific primers (see Viarouge et al. (2014) (data not shown)).
Retrospective studies are now currently being carried out on sera from domestic and wild ruminants collected and stored at −20°C for several years. Using this approach, we identified different BTV serotypes circulating in BTV (and/or EHDV) endemic areas, without clinical expression or reports of the disease and with high BTV seroprevalence (e.g., more than 80% of BTV IgG-positive sera) (manuscript in preparation).
To conclude, the ELISA kit tested here constitutes a new and useful serological tool for the characterization of recent seroconversion due to BTV or EHDV infection. Results showed that IgM can be detected up to 2 days before a first IgG detection using c-ELISA.
Results also showed that an IgM serological survey involving BTVor EHDV-seropositive animals can identify and therefore monitor incursions of new BTV serotypes.
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